Introduction
============

c-Met is a transmembrane tyrosine kinase receptor that is phosphorylated and activated upon the binding of its ligand. The natural ligand for c-Met is hepatocyte growth factor (HGF)/scatter factor, which is produced by stromal and mesenchymal cells ([@b1-ol-08-04-1618]). The phosphorylation of c-Met activates downstream signaling pathways, which initiate biological effects in normal and pathological processes ([@b2-ol-08-04-1618]). Under physiological conditions, the HGF/c-Met axis is implicated in cell growth and differentiation, organ development and neovascularization, as well as tissue repair and regeneration ([@b3-ol-08-04-1618]). Accumulating evidence indicates that it is also important in cancer development ([@b4-ol-08-04-1618],[@b5-ol-08-04-1618]).

A dysfunctional HGF/c-Met axis has been implicated in the development, invasion and angiogenesis of cancers ([@b6-ol-08-04-1618]), and an increasing number of studies have revealed the specific mechanism ([@b7-ol-08-04-1618],[@b8-ol-08-04-1618]). Overexpression of c-Met occurs via paracrine and autocrine stimulation of HGF, which in turn stimulates cancer cell progression. The paracrine signaling pathway is activated by HGF secretion by stromal cells, whereas the autocrine signaling pathway is initiated by HGF that is generated from cancer cells. Generally, the paracrine signaling pathway of HGF is the major cause of c-Met expression, as not all tumor cells produce HGF ([@b9-ol-08-04-1618]). Previous studies have also shown that certain signaling pathways mediate increased cancer progression as result of the HGF/c-Met axis, typically the phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase signaling pathways ([@b10-ol-08-04-1618]--[@b13-ol-08-04-1618]).

HGF induces the disassembly adhesion of epithelial cancer cells, thereby increasing motility and invasiveness, in a process termed epithelial-mesenchymal transition (EMT). EMT is important in cancer metastasis as it promotes the detachment of cancer cells from the primary tumor areas, leading to invasion of the vasculature and colonization of distant organs with secondary tumors ([@b14-ol-08-04-1618]).

Although EMT induced by HGF has been investigated in various types of cancer ([@b15-ol-08-04-1618],[@b16-ol-08-04-1618]), the tumorigenic association between EMT and c-Met, particularly in prostate cancer, remains unclear. Previous studies have shown that a high level of c-Met expression is significantly implicated in prostate cancer aggressiveness and associated with a poor clinical outcome ([@b17-ol-08-04-1618],[@b18-ol-08-04-1618]). Therefore, it is crucial that an in-depth understanding of the mechanism by which c-Met signaling regulates tumorigenic cell processes is gained in order to develop successful therapeutic strategies. In the present study, the EMT- and c-Met-negative LNCaP prostate cancer cells ([@b19-ol-08-04-1618]--[@b22-ol-08-04-1618]) were used to demonstrate that the overexpression of c-Met promotes the progression of prostate cancer via EMT.

Materials and methods
=====================

Cell culture
------------

An EMT- and c-Met-negative human prostate cancer cell line, LNCaP, was cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco-BRL), 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were cultured in a 5% CO~2~ humidified incubator at 37°C.

Cell transfection
-----------------

The full-length cDNA encoding human c-Met was amplified and the recombinant plasmid, pcDN- A3.1/c-Met was constructed (Invitrogen Life Technologies, Carlsbad, CA, USA). LNCaP cells at 75% confluency were transfected with pcDNA3.1/c-Met (LNCaP-Met cells) using Lipofectamine 2000 (Invitrogen Life Technologies) in a six-well plate for 48 h, and transfection with pcDNA3.1(−) alone was performed for the control group (LNCaP-pcDNA3.1 cells). Cells were then trypsinized and seeded onto a 10-cm dish. Stable LNCaP-Met and LNCaP-pcDNA3.1 cells were subjected to G418 selection (400 mg/ml), and after two weeks single-cell clones were selected and expanded. After G418 selection, five LNCaP-Met and three LNCaP-pcDNA3.1 cell clones were selected. Identification of c-Met was performed in all these cell clones and one clone in each group was selected to be used in the subsequent study.

Immunofluorescence staining
---------------------------

To identify the c-Met expression, cells were fixed in 4% paraformaldehyde for 10 min and blocked with goat serum (Boshide Biotech Co. Ltd., Wuhan, China) for 30 min, then incubated at 37°C for 1 h with rabbit anti-c-Met primary antibody (1:150; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Following three washes with phosphate-buffered saline, the cells were incubated with tetramethylrhodamine isothiocyanate-conjugated secondary antibody (1:100; Boshide Biotech Co. Ltd.) at 37°C for 1 h and stained with 4′,6-diamidino-2-phenylindole for five min. The fluorescence staining intensity and intercellular location were examined using a fluorescence-inverted microscope (Olympus BX51; Olympus Corporation, Tokyo, Japan).

Western blot analysis
---------------------

Total cellular proteins were extracted. A 30-μg protein extract was separated by 12% SDS-PAGE. The separated proteins were subsequently transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA), and the membrane was blocked with 5% non-fat milk in Tris-buffered saline for 1.5 h. The membranes were incubated for 1.5 h with the primary antibodies, polyclonal rabbit anti-human C-met, polyclonal rabbit anti-human p-C-met, polyclonal rabbit anti-human E-cadherin, polyclonal rabbit anti-human ERK and polyclonal rabbit anti-human AKT, and monoclonal mouse anti-human vimentin, monoclonal mouse anti-human p-ERK and monoclonal mouse anti-human p-AKT (Santa Cruz Biotechnology, Inc.) at various dilutions and hybridized for 1 h with secondary antibodies, horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse IgG. (Boshide Biotech Co. Ltd.). Imaging was performed using the electrochemiluminescence detection system (Pierce Biotechnology, Inc., Rockford, IL, USA) and protein loading equivalence was assessed by the expression of glyceraldehyde 3-phosphate dehydrogenase.

Cell proliferation assay
------------------------

Cell growth was evaluated by MTT assay (Sigma-Aldrich, St. Louis, MO, USA). A total of 1×10^4^ cells/well were plated into 96-well tissue culture plates in DMEM containing 10% FBS to a final volume of 0.2 ml. Following incubation for 24, 48 and 72 h, cells were incubated with 20 μl MTT to a final concentration of 0.5 mg/ml at 37°C for 4 h. Next, the medium was removed and the precipitated formazan was dissolved by adding 200 μl of dimethyl sulfoxide (Sigma-Aldrich). Following agitation for 10 min, the samples were lysed and the absorbance was detected at a wavelength of 570 nm using a microplate reader (Model 450 Mioroplate Reader; Bio-Rad).

In vitro transwell invasion assay
---------------------------------

Polycarbonate filters (8 μm; Millipore, Billerica, MA, USA) were coated with 50 μg/cm^2^ of reconstituted Matrigel (Sigma-Aldrich). A total of 5×10^3^ cells in 300 μl of serum-free growth medium were then seeded into the upper chamber. Cells were incubated under normoxic conditions and allowed to migrate towards the complete growth medium for 24 or 48 h. Non-invading cells were removed mechanically using cotton swabs. The inserts were stained with crystal violet and the invasive cells on the lower surface were counted under a microscope (Olympus BX51; Olympus Corporation).

Soft agar assay
---------------

Cells were resuspended in top agar medium (2 ml; DMEM containing 0.4% low-melting agarose and 10% FBS), and overlaid onto bottom agar medium (2 ml; DMEM containing 0.8% low melting agarose and 10% FBS) in six-well culture plates. After two-three weeks, colonies \>0.1 mm in diameter were scored as positive. Colony formation efficiency was counted under a light microscope (Olympus BX51; Olympus Corporation).

In vivo tumorigenicity assay
----------------------------

A total of 30 six-week-old male athymic nude mice, weighing 30 g (Shanghai Experimental Animal Center, Shanghai, China) were divided into three groups: LNCaP (control; n=10), LNCaP-pcDNA3.1 (control; n=10), and LNCaP-Met (test; n=10). The mice were maintained under specific pathogen-free conditions and provided with sterile food and water. Cells were harvested, washed and resuspended in serum-free DMEM at a concentration of 1×10^7^ cells/ml, and injected subcutaneously into the flank of each mouse. The tumor volume was measured weekly using the following formula: Tumor volume = (length × width^2^) × π/6. The mice were sacrificed after eight weeks. All experiments performed complied with the Guidelines of Animal Care of Capital Medical University (Beijing, China).

Statistical analysis
--------------------

All data are presented as the mean ± standard deviation. Student's t-test was performed and P\<0.05 was considered to indicate a statistically significant difference. All statistical tests were performed using SPSS version 11.0 software (SPSS, Inc., Chicago, IL, USA).

Results
=======

Overexpression of c-Met in LNCaP-Met cells
------------------------------------------

To identify the increased expression of c-Met in the LNCaP-Met cell line, c-Met was examined using immunofluorescence staining and western blot analysis. Immunocytochemistry indicated significant immunofluorescence staining in the membrane of the LNCaP-Met cells, which, by contrast, was particularly weak in the membranes of the control LNCaP cells and the LNCaP-pcDNA3.1 cells ([Fig. 1A](#f1-ol-08-04-1618){ref-type="fig"}). Increased expression of c-Met and phospho-c-Met was observed in the LNCaP-Met cells, however, no protein was detected in the control LNCaP or the LNCaP-pcDNA3.1 cells using western blot analysis ([Fig. 1B](#f1-ol-08-04-1618){ref-type="fig"}). These results demonstrated that an LNCaP cell line with stable c-Met overexpression had been constructed and this was termed the LNCaP-Met cell line.

Effect of c-Met expression on EMT-associated proteins
-----------------------------------------------------

The development of EMT is characterized by the loss of epithelial markers, such as E-cadherin and the gain of mesenchymal markers, such as vimentin. To investigate changes in epithelial and mesenchymal markers, western blot analysis was used to determine the effect of c-Met on E-cadherin and vimentin in LNCaP-Met cells, compared with the control cells. In LNCaP-Met cells, the overexpression of c-Met downregulated E-cadherin, but upregulated vimentin ([Fig. 2](#f2-ol-08-04-1618){ref-type="fig"}), which indicates that the overexpression of c-Met promotes an EMT phenotype in these cells.

Effect of c-Met expression on the proliferation, migration and tumorigenicity of LNCaP-Met cells
------------------------------------------------------------------------------------------------

c-Met promotes the migration of cancer cells, which is critical for metastasis. To determine the effect of increased c-Met expression on LNCaP-Met cell migration, cells migrating to the bottom of the insert were counted at 24 and 48 h. As shown in [Fig. 3A and B](#f3-ol-08-04-1618){ref-type="fig"}, the migratory capacity was significantly increased, in a time-dependent manner, in LNCaP-Met cells when compared with LNCaP and LNCaP-pcDNA3.1 cells at 24 and 48 h (P\<0.05).

To examine the effect of c-Met on LNCaP cell proliferation, the growth rate of the c-Met-transfected, control and parental LNCaP cells was determined. The LNCaP-Met cells exhibited a significantly higher growth rate than the LNCaP-pcDNA3.1 and LNCaP cells (P\<0.05;[Fig. 3C](#f3-ol-08-04-1618){ref-type="fig"}). However, no significant differences in cell growth rate were identified between the LNCaP-pcDNA3.1 and LNCaP cells (P\>0.05; [Fig. 3C](#f3-ol-08-04-1618){ref-type="fig"}).

The increased expression of c-Met resulted in a significant increase in the number of LNCaP-Met cell colonies formed when compared with the number of colonies formed in the parental LNCaP or LNCaP-pcDNA3.1 cells (P\<0.05; [Fig. 3D](#f3-ol-08-04-1618){ref-type="fig"}). By contrast, no significant differences were identified between the colony numbers of the LNCaP and LNCaP-pcDNA3.1 cells (P\>0.05; [Fig. 3D](#f3-ol-08-04-1618){ref-type="fig"}). Overall, these data indicate that EMT induced by c-Met overexpression stimulates LNCaP cell migration, proliferation and tumorigenicity.

Effect of c-Met on tumorigenicity in vivo
-----------------------------------------

To corroborate the observation that the upregulation of c-Met increased the invasive capacity of prostate cancer cells, the growth rates and metastatic behavior were analyzed *in vivo*. Tumor xenografts were established via subcutaneous injection into athymic nude mice. Subcutaneous tumors developed in five mice from the LNCaP-Met cells group, however, only grew in two mice from the LNCaP and LNCaP-pcDNA3.1 cell groups. Metastasis was not observed in any of the groups. The mean tumor volumes on days 14, 21, 28, 35, 42, 49 and 56 are shown in [Fig. 4A](#f4-ol-08-04-1618){ref-type="fig"}. The volume of LNCaP and LNCaP-pcDNA3.1 cell tumors were significantly smaller than the LNCaP-Met cell tumors. On day 56 following implantation, the average weights of the LNCaP and LNCaP-pcDNA3.1 cell tumors were significantly lower than those of the LNCaP-Met cell tumors ([Fig. 4B](#f4-ol-08-04-1618){ref-type="fig"}). These results indicate that EMT induction by overexpression of c-Met accelerates the growth of tumors *in vivo*.

Effect of c-Met expression on extracellular signal-regulated kinase (ERK) and AKT signaling pathways
----------------------------------------------------------------------------------------------------

To investigate the mechanisms involved in c-Met-induced EMT development, the levels of ERK and AKT signaling pathway components were determined by western blot analysis. ERK and AKT are two typical signaling pathways of c-Met. The results indicated that the increased expression of c-Met promotes EMT by upregulating the levels of ERK, phospho-ERK, AKT and phospho-AKT in LNCaP-Met cells ([Fig. 5](#f5-ol-08-04-1618){ref-type="fig"}).

Discussion
==========

EMT is a process during which cancer cells lose their epithelial phenotype and acquire a mesenchymal phenotype, thus promoting the loosening of intercellular adhesions, detachment from the tumor mass and invasion of neighboring tissue, blood or lymph vessels, leading to the development of secondary tumors. Previous studies have indicated that EMT is implicated in cancer metastasis and invasion ([@b23-ol-08-04-1618],[@b25-ol-08-04-1618]).

A number of factors, which induce EMT have been identified, including transforming growth factor-β, HGF, epidermal growth factor, fibroblast growth factor, platelet-derived growth factor, insulin-like growth factor, microRNA, hypoxia as well as transcription factors ([@b25-ol-08-04-1618]--[@b27-ol-08-04-1618]). Among these factors, EMT induction by the HGF/c-Met axis is essential in certain types of cancer ([@b28-ol-08-04-1618]--[@b31-ol-08-04-1618]), however, to the best of our knowledge, the role of c-Met in the progression of prostate cancer has not yet been reported.

In the present study, the effect of c-Met on the invasiveness of human prostate cancer was examined in LNCaP cells *in vitro* and *in vivo*. The results clearly demonstrated that by inducing EMT, c-Met overexpression enhances the invasion, migration and proliferation capability of LNCaP cells.

c-Met stable expression cell lines were constructed in c-Met- and HGF-negative LNCaP prostate cancer cells by cell transfection. Western blot analysis revealed that the expression of phospho-c-Met, as well as c-Met, was enhanced, which indicates that c-Met may be activated in an HGF-independent manner. A similar study demonstrated that c-Met may be activated via an HGF-independent signaling pathway, following transfection, in lung cancer ([@b32-ol-08-04-1618]). In addition, c-Met and HGF may be transactivated by the mutant of epidermal growth factor receptor (EGFR), also termed EGFRvIII ([@b33-ol-08-04-1618]). Furthermore, recent studies have demonstrated that c-Met activation occurs in the absence of ligand binding. Integrin activation, plexins, CD44, certain G protein-coupled receptors and other receptor tyrosine kinases have all been implicated in c-Met activation without a requirement for HGF binding ([@b34-ol-08-04-1618]).

Furthermore, activation of c-Met was found to activate the downstream signaling pathways PI3K and ERK, which resulted in the downregulation of E-cadherin and upregulation of vimentin. E-cadherin downregulation is regarded as a characteristic change of EMT ([@b35-ol-08-04-1618]). As intercellular adhesions are critical for the maintenance of the epithelial phenotype, the downregulation of E-cadherin (an essential component for adherent junctions) results in abnormal differentiation and the loss of cell polarity, which ultimately facilitates EMT ([@b36-ol-08-04-1618]). In addition, *in vitro* and *in viv*o studies demonstrated that the LNCaP-Met cell lines exhibited the greatest proliferative, migratory and tumorigenic potential, indicating a potential association between c-Met-mediated signaling pathways, EMT and prostate cancer aggressiveness. These results are consistent with a study showing that the acquisition of EMT characteristics is associated with the upregulation of c-Met mRNA and increased responsiveness to HGF in breast cancer ([@b37-ol-08-04-1618]).

To investigate the mechanism of EMT induction involving c-Met, the PI3K and ERK signaling pathways were examined. The two signaling pathways are considered to be typical c-Met-mediated signaling pathways ([@b38-ol-08-04-1618]) as well as EMT signaling pathways ([@b39-ol-08-04-1618]). Activation of the PI3K signaling pathway is associated with cell motility, whereas the ERK signaling pathway regulates cell proliferation and differentiation ([@b40-ol-08-04-1618]). The results of the present study revealed that AKT, ERK, phospho-AKT and phospho-ERK expression increased, indicating a molecular connection between EMT and c-Met. However, the mechanism at the transcriptional level requires further investigation.

Abnormal c-Met activation may occur in certain cancer types due to gene amplification, mutation or transactivation ([@b41-ol-08-04-1618]). However, c-Met overexpression as a result of upregulation at the transcriptional level is predominant in the majority of human malignancies ([@b42-ol-08-04-1618]). In the present study, it was found that the overexpression of c-Met signaling and the subsequent induction of EMT is potentially a common phenomenon in prostate cancer cells. Furthermore, EMT increased prostate cancer cell invasiveness *in vitro* and *in vivo*. All of these results demonstrated the potential association between c-Met, EMT and invasiveness in prostate cancer. Similarly, in other solid human tumors, various studies have shown that c-Met-mediated signaling activation drives EMT and cancer cell migration, invasion and metastasis ([@b43-ol-08-04-1618]--[@b45-ol-08-04-1618]).

In conclusion, the present study demonstrates that EMT induced by c-Met expression is involved in prostate cancer metastasis. Through the process of EMT, LNCaP prostate cancer cells acquire an increased proliferative, migrative and tumorigenic capability. Thus far, the role of c-Met in the progression and metastasis of numerous cancers has been described and a number of c-Met inhibitors have been investigated in clinical trials ([@b46-ol-08-04-1618]--[@b48-ol-08-04-1618]). Therefore, in addition to the transitional prognostic and predictive value, c-Met may present a promising therapeutic target in the fight against prostate cancer.
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![Overexpression of c-Met in LNCaP-Met cells. (A) Immunocytochemistry revealed marked red immunofluorescence staining in the membranes of LNCaP-Met cells when compared with LNCaP and LNCaP-pcDNA3.1 cells (tetramethylrhodamine staining, magnification, ×400). (B) Western blot analysis revealed the expression levels of c-Met and phospho-c-Met in (a) LNCaP-Met, (b) LNCaP and (c) LNCaP-pcDNA3.1 cells. DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](OL-08-04-1618-g00){#f1-ol-08-04-1618}

![Changes in epithelial-mesenchymal transition-associated markers in three cell lines. The expression of E-cadherin and vimentin were determined by western blot analysis in (a) LNCaP-pcDNA3.1, (b) LNCaP and (c) LNCaP-Met cells. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](OL-08-04-1618-g01){#f2-ol-08-04-1618}

![c-Met enhances the invasiveness of LNCaP-Met cells. (A and B) Transwell, (C) MTT and (D) soft agar assays indicated that c-Met increases the migration, proliferation and tumorigenicity of LNCaP-Met cells in contrast to the control LNCaP and LNCaP-pcDNA3.1 cells. ^\*^P\<0.05, LNCaP-Met vs. LNCaP cells; ^\*\*^P\<0.05, LNCaP-Met vs. LNCaP-pcDNA3.1 cells. OD, optical density. Crystal violet staining. Magnification, ×200.](OL-08-04-1618-g02){#f3-ol-08-04-1618}

![Xenograft studies in mice. (A) Tumors grew more rapidly in the LNCaP-Met cell group when compared with the other two groups. (B) The average tumor weight in the LNCaP-Met cell group was the largest after eight weeks, when compared with the other groups (P\<0.05).^\*^P\<0.05, LNCaP-Met vs. LNCaP cells; ^\*\*^P\<0.05, LNCaP-Met vs. LNCaP-pcDNA3.1 cells.](OL-08-04-1618-g03){#f4-ol-08-04-1618}

![Western blot analysis of phosphoinositide 3-kinase and mitogen-activated protein kinase pathways in LNCaP-Met cells. Proteins were extracted from (a) LNCaP-pcDNA3.1, (b) LNCaP and (c) LNCaP-Met cells and the expression levels of ERK, p-ERK, AKT, p-AKT were determined. ERK, extracellular signal-regulated kinase; p, phosphorylated; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](OL-08-04-1618-g04){#f5-ol-08-04-1618}
